Risankizumab is a humanized immunoglobulin (Ig) G1 monoclonal antibody developed and approved for the treatment of moderate-to-severe plaque psoriasis at a dose of 150 mg administered subcutaneously at weeks 0 and 4, and every 12 weeks thereafter. Ongoing trials are investigating the use of risankizumab in other inflammatory autoimmune diseases. Risankizumab exhibits linear pharmacokinetics when administered intravenously (0.01 mg/kg-1200 mg) or subcutaneously (0.25 mg/ kg-300 mg), with a long terminal half-life of approximately 28 days. Following subcutaneous administration, peak plasma concentration was reached approximately 3-14 days after dosing, with an estimated bioavailability of 89%. Population pharmacokinetic analyses identified bodyweight, high titers of antidrug antibodies occurring in < 2% of evaluated subjects, baseline serum albumin, baseline high-sensitivity C-reactive protein, and baseline serum creatinine to be statistically correlated with risankizumab clearance, but none of them had a clinically meaningful impact on risankizumab efficacy in psoriasis patients following the clinical dosing regimen. Exposure-response analyses in psoriasis patients demonstrated that the maximum efficacy was achieved with the clinically approved regimen and there was no apparent correlation between risankizumab exposure and safety. A dedicated drug interaction cocktail study in patients with psoriasis demonstrated a lack of therapeutic protein-drug interaction potentials for risankizumab and various cytochrome P450 substrates. In this article, we review the clinical pharmacology data available to date for risankizumab, which supported the clinical development program and ultimately regulatory approvals for risankizumab in the treatment of patients with moderate-to-severe plaque psoriasis.
Introduction
Interleukin (IL)-23 is a naturally occurring cytokine that is involved in inflammatory and immune responses. IL-23 drives the development, differentiation, and function of T helper (Th) 17 cells, which produce IL-17-A and -F, as well as other proinflammatory cytokines, and plays a key role in driving some inflammatory autoimmune diseases, including psoriasis [1] .
Psoriasis is a chronic debilitating immunologic disease characterized by marked inflammation and thickening of the epidermis that results in thick, scaly plaques involving the skin, which can negatively impact the psychosocial well-being of patients. Furthermore, patients with psoriasis are at higher risk of developing comorbidities, including psoriatic arthritis, metabolic syndrome, cardiovascular disorders, or depression [2] . Psoriasis may be classified according to morphologic and clinical presentation: plaque psoriasis, guttate psoriasis, erythrodermic psoriasis (EP), generalized pustular psoriasis (GPP) and localized pustular psoriasis, and inverse or intertriginous psoriasis. Psoriasis is estimated to affect 2% of the population in the developed world [3] , with plaque psoriasis being the most common form, affecting approximately 80-90% of patients, of whom 20% experience moderate-to-severe disease [4] . Both GPP and EP are rare forms of psoriasis that can be difficult to treat and can be fatal; approximately 10% of patients with GPP have a preceding history of psoriasis [5] , and EP prevalence among psoriatic patients is estimated to be from 1 to 2.25% [6] .
Biologics have emerged as a promising alternative treatment option to conventional systemic therapies, such as methotrexate and retinoids, which have potential cumulative toxicities for patients with psoriasis. IL-17 and IL-12/23
Key Points
Risankizumab exhibits typical immunoglobulin (Ig) G1 monoclonal antibody pharmacokinetic characteristics with bi-exponential disposition, long elimination half-life (approximately 28 days), and linear pharmacokinetics when administered intravenously (0.01 mg/ kg-1200 mg) or subcutaneously (0.25 mg/kg-300 mg).
Bodyweight, high titers of antidrug antibodies, baseline serum albumin, baseline high-sensitivity C-reactive protein, and baseline serum creatinine were statistically correlated with risankizumab clearance in population pharmacokinetic analyses; however, exposure-response analyses demonstrated that these covariates had no clinically meaningful impact on risankizumab efficacy in psoriasis patients with the clinical dosing regimen of 150 mg administered at weeks 0 and 4, and every 12 weeks thereafter.
The risankizumab clinical dosing regimen maximized efficacy as assessed by the Psoriasis Area and Severity Index (PASI) 90, PASI 100, and static Physicians Global Assessment 0/1 responses, with no apparent correlation between exposure and safety in patients with plaque psoriasis.
A therapeutic protein drug interaction study and population pharmacokinetic analyses confirmed the expected lack of drug interaction potential for risankizumab as a perpetrator or a victim. pharmacokinetics, immunogenicity, and exposure-response analyses for efficacy and safety that supported the full characterization of the risankizumab clinical profile in psoriasis patients.
Clinical Studies
An overview of all studies conducted to date that are pertinent to risankizumab clinical pharmacology is presented in Table 1 (three phase I studies in healthy subjects and psoriasis patients) and Table 2 (seven phase II and III studies in patients with plaque psoriasis or GPP/EP); these studies evaluated the pharmacokinetics, immunogenicity, safety, and tolerability, and, in phase II and III studies, the efficacy of risankizumab. Population pharmacokinetic and exposure-response analyses for efficacy and safety, as well as analyses for the impact of immunogenicity on pharmacokinetics, safety, and efficacy, were performed using combined data from these phase I, II, and III studies to support the overall characterization of risankizumab clinical pharmacology, as well as the clinical dosing recommendation [12] [13] [14] [15] . High-level results and conclusions from these studies and analyses are summarized in the following sections.
Clinical Pharmacokinetics of Risankizumab
Risankizumab exhibits pharmacokinetic characteristics consistent with typical IgG1 monoclonal antibodies, with no apparent target-mediated disposition following intravenous or subcutaneous administration. The role of intrinsic and extrinsic factors in the pharmacokinetics of risankizumab are detailed below.
Single-Dose Pharmacokinetics
Single-dose pharmacokinetics of risankizumab were evaluated in two studies, Study 1 in Caucasian, Japanese, and Chinese healthy volunteers, and Study 2 in patients with psoriasis following either intravenous or subcutaneous administrations across doses ranging from 0.01 to 5 mg/kg intravenously, 200 to 1200 mg intravenously, 0.25 to 1 mg/ kg subcutaneously, and 18 to 300 mg subcutaneously [13, 16] . Intensive plasma samples for pharmacokinetic assessment were collected in these studies. In both single-dose studies, risankizumab pharmacokinetics were linear (dose-independent) in the evaluated dose ranges (Table 3) . No apparent target-mediated disposition was observed. Risankizumab terminal elimination halflife (t ½ ) ranged from 18 to 34 days in healthy subjects and in patients with psoriasis across dose groups. The linear inhibitors, such as ustekinumab (a p40 IL-12/23 inhibitor) [7] , guselkumab [8] and tildrakizumab (IL-23 inhibitors) [9] , and brodalumab, ixekizumab, and secukinumab (IL-17 inhibitors) [10] , have demonstrated efficacy in treating this chronic disease.
Risankizumab is a humanized immunoglobulin (Ig) G1 monoclonal antibody that selectively binds with high affinity (≤ 29 pM) to the p19 subunit of the human cytokine IL-23, and inhibits its interaction with the IL-23 receptor and the downstream IL-23-dependent cell signaling and proinflammatory effects. In contrast with ustekinumab, risankizumab does not bind to human IL-12, which shares the p40 subunit with IL-23 [11] .
As of June 2019, risankizumab was approved in multiple countries and regions, including the United States, the European Union, Japan, Canada, Switzerland, and Brazil, for the treatment of patients with moderate-to-severe chronic plaque psoriasis. In addition, risankizumab was also approved in Japan for the treatment of psoriatic arthritis and GPP/EP. This review provides an integrated summary of the clinical pharmacology assessments of risankizumab, including All global data were included in the Japan analyses, but the two Japan studies were only included in the Japan analyses pharmacokinetic characteristics of risankizumab were not unexpected given that IL-23 is a soluble target expressed at low systemic concentrations, and target-mediated disposition would not be anticipated for the range of doses tested. Risankizumab peak plasma concentrations were achieved between 3 and 14 days (median values) following subcutaneous administration ( Fig. 1 ; Table 3 ).
There was no apparent difference in risankizumab pharmacokinetics between healthy subjects and patients with psoriasis [13, 16] . Risankizumab exposures were 22-31% higher in healthy Chinese and Japanese subjects compared with healthy Caucasian subjects; this small difference in exposure was a result of the fixed-dosing regimen and the lower body weight for Chinese and Japanese subjects compared with Caucasian subjects [13] .
Multiple-Dose Pharmacokinetics
Multiple-dose pharmacokinetics of risankizumab were evaluated in one global phase II study and four global phase III studies in patients with moderate-to-severe plaque psoriasis, as well as two Japanese phase II/III studies in patients with moderate-to-severe plaque psoriasis (with or without psoriatic arthritis), GPP, or EP [17] [18] [19] [20] [21] [22] . Serial intensive pharmacokinetic samples were collected in the global phase II study, while in global phase III studies or Japanese phase II/ III studies, fewer pharmacokinetic samples were collected.
An approximately dose proportional increase in risankizumab exposure was observed following repeated administration of 90 and 180 mg subcutaneous doses in the global phase II study [17, 23] , and between 75 and 150 mg subcutaneous doses in the Japanese phase II/III studies [13] .
Following multiple dosing of risankizumab 150 mg subcutaneously at weeks 0 and 4, and once every 12 weeks thereafter, in global phase III studies, steady-state risankizumab plasma concentrations were approximately achieved by week 16. Risankizumab geometric mean trough plasma concentrations (C trough ) at weeks 16 and 52 were 1.84 µg/mL and 1.52 µg/mL, respectively, based on pooled data across all four global phase III studies. There was no indication of time-dependent kinetics. A summary of risankizumab C trough across all phase III studies after administration of risankizumab 150 mg subcutaneously at weeks 0 and 4, and every 12 weeks thereafter, in patients with psoriasis is shown in Table 4 .
Risankizumab geometric mean C trough values in Japanese patients with psoriasis, at weeks 16 and 52, were 2.06 µg/ mL and 1.64 µg/mL, respectively, based on pooled data of Japanese patients across all four global phase III and Japanese phase II/III studies [13] , approximating the exposures in non-Japanese subjects. In addition, risankizumab exposures in Japanese patients with moderate-to-severe plaque psoriasis (with or without psoriatic arthritis) were comparable with those with GPP or EP [13] . Table 3 Geometric mean (mean, %CV) of risankizumab plasma pharmacokinetic parameters following single IV doses ranging from 0.01 to 5 mg/kg, and single SC doses of 0.25 or 1 mg/kg in subjects with moderate-to-severe psoriasis (Study 2)
Values in parentheses denote mean, %CV AUC ∞ area under the plasma concentration-time curve over the time interval from time zero to infinity, CL clearance, CL/F apparent clearance, C max maximal plasma concentration, %CV percentage coefficient of variation, T max time to achieve maximum plasma concentration, 
Population Pharmacokinetics
The population pharmacokinetics of risankizumab were characterized using data from a phase I study in healthy Caucasian, Japanese, and Chinese subjects (Study 1), and a phase I study (Study 2), a phase II study (Study 3), and four phase III studies (Study 4, UltIMMa-1; Study 5, UltIMMa-2; Study 6, IMMhance; and Study 7, IMMvent) in patients with moderate-to-severe plaque psoriasis, referred to as the global population pharmacokinetic model [12] . These analyses included risankizumab pharmacokinetic data following single-and multiple-dose administration across doses ranging from 0.01 to 5 mg/kg intravenously, 200 to 1200 mg intravenously, 0.25 to 1 mg/kg subcutaneously, and 18 to 300 mg subcutaneously.
A total of 1899 adult male and female subjects who received at least one dose of risankizumab were included in the global population pharmacokinetic analyses [12] . A twocompartment model with first-order absorption and elimination described the time course of risankizumab plasma concentrations well in both healthy subjects and patients with moderate-to-severe plaque psoriasis.
For a typical 90 kg individual (approximately the median bodyweight for patients with psoriasis recruited in the clinical studies), risankizumab plasma clearance (CL), volume of distribution of the central (V c ) and peripheral (V p ) compartments, steady-state volume of distribution (V ss ), and t ½ were estimated to be 0.31 L/day, 6.52 L, 4.67 L, 11.2 L and 28 days, respectively. The interindividual variability for risankizumab CL, V c , and absorption rate constant (K a ) were 24%, 34%, and 63%, respectively.
From the results of the covariate analyses, moderate-tosevere psoriasis disease, baseline Psoriasis Area and Severity Index (PASI) score, presence of neutralizing antibodies (NAbs) to risankizumab, age, sex, race, liver function markers, country, and common concomitant medications were not statistically significant covariates for risankizumab pharmacokinetic parameters. Although baseline serum albumin, baseline high-sensitivity C-reactive protein (hs-CRP), and baseline serum creatinine were found to be statistically significant covariates for risankizumab CL, they had negligible impact on risankizumab exposure. Risankizumab exposures following the clinical regimen of 150 mg subcutaneously at weeks 0 and 4, and every 12 weeks thereafter, in patients within the upper or lower 25th percentiles of covariate distribution of baseline serum albumin, baseline hs-CRP, and baseline serum creatinine were estimated to be well within the default equivalence boundaries of 0.8-1.25 relative to patients in the middle 50% of the covariate distribution for these factors.
Only two covariates were found to have more appreciable impact on risankizumab exposures: bodyweight and high antidrug antibody (ADA) titers (≥ 128). These are discussed in detail under the assessment of intrinsic factors (see Sects. 3.5.5, 3.5.6).
In addition to the population pharmacokinetic analyses from global studies, risankizumab population pharmacokinetics were further characterized in the Asian population upon availability of the data from these trials; this analysis was an extension of the global pharmacokinetic model and confirmed the adequacy of the global population pharmacokinetic model for describing risankizumab exposure in Asian (mainly Japanese) subjects. The impact of relevant patient-specific covariates on risankizumab systemic exposures was re-assessed with the larger dataset including studies conducted in Japan, and was used to inform dosing recommendations and the comparability of risankizumab exposures across Japanese patients with plaque psoriasis, GPP, or EP, as well as between Japanese and non-Japanese patients with psoriasis enrolled across all global and Japanese phase II/III clinical trials, referred to as the updated population pharmacokinetic model [13] . Based on the Asian population pharmacokinetic analyses, risankizumab plasma CL, V ss , and t ½ were estimated to be approximately 0.24 L/day, 9.12 L, and 28 days, respectively, for a typical 70 kg patient with psoriasis, GPP or EP (70 kg was selected here because it approximates the median bodyweight in Japanese psoriasis patients). Risankizumab steadystate exposures (maximum concentration [C max ], area under the plasma concentration-time curve during a dosing interval [AUC τ ], and C trough ) in Japanese subjects with moderateto-severe plaque psoriasis were comparable with those with GPP or EP. Consistent with the pharmacokinetic analysis from the phase I Asian pharmacokinetic study (Study 1), risankizumab steady-state exposures following administration of 150 mg subcutaneously in Japanese patients with psoriasis (moderate-to-severe plaque psoriasis, GPP, or EP) were approximately 17% higher than non-Japanese patients with moderate-to-severe plaque psoriasis, as a result of the median bodyweight difference [13] .
Risankizumab mean (standard deviation) steady-state C max , AUC τ , and C trough values, estimated based on the population pharmacokinetic modeling, are summarized in Table 5 in non-Japanese and Japanese patients with psoriasis following the clinical dosing regimen of 150 mg subcutaneously at weeks 0 and 4, and every 12 weeks thereafter.
Bioavailability of Subcutaneous Risankizumab
Results from cross-study population pharmacokinetic analyses of risankizumab following intravenous and subcutaneous administrations showed that the population estimate for the absolute subcutaneous bioavailability of risankizumab was 89% for the phase III clinical regimen in a typical patient with psoriasis (150 mg subcutaneously at weeks 0 and 4, and every 12 weeks thereafter), which is on the higher side of the range of 50-100% absolute bioavailability reported for other monoclonal antibodies [12, 24] .
Effect of Intrinsic Factors

Renal and Hepatic Impairment
As an IgG1 monoclonal antibody, risankizumab is expected to be degraded into small peptides and amino acids via catabolic pathways, in a manner similar to endogenous IgG, and thus is not expected to undergo metabolism by hepatic metabolic enzymes or renal elimination. Therefore, no dedicated studies were conducted to evaluate risankizumab pharmacokinetics in patients with hepatic or renal impairment. Based on cross-study population pharmacokinetic analyses, hepatic function markers, including total bilirubin, aspartate aminotransferase (AST), and alanine aminotransferase (ALT) levels were not correlated with risankizumab CL, and serum creatinine level or creatinine CL had no meaningful impact on risankizumab exposure [12] .
Psoriasis Disease (Disease State)
From the cross-study population pharmacokinetic analyses, risankizumab pharmacokinetic parameters were similar in healthy subjects and patients with moderate-to-severe plaque psoriasis [12] . Risankizumab plasma exposures in Japanese patients with moderate-to-severe plaque psoriasis with concomitant psoriatic arthritis were comparable with those without concomitant psoriatic arthritis, while plasma exposures in Japanese patients with moderate-to-severe plaque psoriasis (with or without psoriatic arthritis) were comparable with those with GPP or EP [13] .
Race/Ethnicity
After accounting for bodyweight differences, race/ethnicity did not have an impact on risankizumab CL [13] . This was demonstrated in the phase I study of risankizumab in Asian versus Caucasian subjects (bodyweight rather than race accounted for the apparent small difference in exposure), as well as in the population pharmacokinetic analyses (race or region/country was not a significant covariate).
Moreover, comparisons of risankizumab plasma exposures in psoriasis patients across various ethnic/racial groups, including Korean, Taiwanese, Japanese, and non-Asian patients, were conducted based on data from phase III studies following the proposed clinical regimen of 150 mg subcutaneously at weeks 0 and 4, and every 12 weeks thereafter. In general, exposures to risankizumab were comparable across all groups, and Asian race or ethnicity had no clinically relevant impact on risankizumab pharmacokinetics (Table 5 ).
Age and Sex
Based on the cross-study population pharmacokinetic analyses, risankizumab pharmacokinetic parameters were not impacted by age (range 18-85 years) or sex in adult patients with plaque psoriasis [12] .
Body Weight
Similar to other IgG1 monoclonal antibodies, bodyweight was correlated with risankizumab CL, with an increase in bodyweight associated with an increase in CL [12] . Patients with psoriasis with a bodyweight > 100 kg are estimated to have approximately 30% lower exposures compared with subjects weighing ≤ 100 kg; however, this difference is not clinically relevant for any major impact on efficacy or safety (see Sect. 4) [14] .
Antidrug Antibodies and Neutralizing Antibodies
As summarized later in Sect. 5, the potential impact of ADAs on risankizumab exposure, efficacy, and safety were extensively evaluated.
Overall, immunogenicity to risankizumab did not have a clinically relevant impact on risankizumab plasma exposure, efficacy (as assessed by PASI 90 at week 16), or safety (as assessed for hypersensitivity and injection-site reactions) in psoriasis patients. Only a very small fraction of psoriasis patients who received risankizumab in the phase II/III clinical trials (approximately 1% [6/598] of ADA-evaluable subjects who received the phase III clinical regimen over a 52-week period in the UltIMMa-1 and UltIMMa-2 trials, or approximately 1.5% [28/1807] of ADA-evaluable subjects who received any dose of risankizumab in all phase II/III trials) developed high titer ADAs (≥ 128), and, only in these subjects with high ADA titers, risankizumab exposures were estimated, on average, to be 30% lower than ADA-negative subjects or subjects with relatively lower ADA titers (< 128) [12] . This modest difference in risankizumab exposure is not considered to have a major impact on efficacy because the 150 mg dosing regimen provides exposures that are well within the plateau of response (see Sects. 4, 5) [14] .
Effect of Extrinsic Factors
Risankizumab as a Perpetrator for Drug-Drug Interaction (DDI)
Patients with psoriasis and other immune-mediated inflammatory diseases may have comorbidities that require treatment with other medications that are metabolized through cytochrome P450 (CYP) enzymes. Therapeutic proteins that modulate cytokine levels are suggested to potentially result in interactions with drugs that are sensitive substrates of CYP enzymes because some elevated cytokines can downregulate the transcription of CYP genes and reduce the metabolism of such drugs. As such, certain therapeutic proteins impacting cytokine levels can reverse cytokine-mediated suppression of CYPs, resulting in increased CL and decreased exposures of sensitive CYP substrates compared with prior treatment. A dedicated drug interaction study (Study 8) was conducted for risankizumab in patients with moderate-to-severe plaque psoriasis to assess the effect of repeated administration of risankizumab on the pharmacokinetics of CYP-sensitive probe substrates. Repeated administration of risankizumab 150 mg subcutaneously at weeks 0, 4, 8, and 12 (more frequent administration resulting in higher risankizumab exposure than the clinical regimen) had no effect on the exposures of probe substrates of CYP1A2 (caffeine 100 mg), CYP2C9 (warfarin 10 mg), CYP2C19 (omeprazole 20 mg), CYP2D6 (metoprolol 50 mg), and CYP3A (midazolam 2 mg) in patients with moderate-tosevere plaque psoriasis (n = 21) [25] . The 90% confidence intervals for the ratios of the probe substrates C max and AUC when administered 6 days following the fourth dose of risankizumab 150 mg subcutaneously every 4 weeks versus when these substrates were administered prior to initiating risankizumab treatment were within the default no-effect boundaries of 0.8-1.25 (with the exception of the lower 90% confidence bound for omeprazole C max ratio, which extended slightly below 0.8). Therefore, no dosage adjustments are needed for drugs that are substrates of these CYP enzymes when administered concomitantly with risankizumab in patients with moderate-to-severe psoriasis [25] .
Risankizumab as a Victim for DDIs
Because risankizumab is not expected to undergo metabolism by CYP enzymes, it is not expected to be a victim of drug-drug interactions (DDIs) with substrates/inhibitors/ inducers of drug metabolizing enzymes. Consistent with this, in the cross-study population pharmacokinetic analyses, none of the evaluated medications (metformin, atorvastatin, lisinopril, amlodipine, ibuprofen, acetylsalicylate, and levothyroxine) that were concomitantly administered by some patients during risankizumab phase III clinical trials were found to significantly affect risankizumab CL [12] .
Exposure Response Analyses for Efficacy
Phase I and II Studies
The exposure-response relationships between modelestimated risankizumab weeks 0-16 average plasma concentrations (C avg ) and the observed percentage of subjects achieving PASI 90, PASI 100, or static Physicians Global Assessment (sPGA) clear or almost clear (sPGA 0/1) responses at week 16 in the phase II study (Study 3) were evaluated using quartile plots in which subjects were binned into quartiles based on risankizumab plasma C avg levels [14] . The analyses indicated that while the percentage of subjects achieving PASI 90 or sPGA 0/1 at week 16 appeared to have plateaued at the third quartile of risankizumab exposure (median C avg of 3.97 μg/mL), the highest quartile of exposure (median C avg of 7.88 μg/mL) clearly showed a higher percentage of subjects achieving the complete CL of PASI score (i.e. PASI 100). The median weeks 0-16 C avg value with the proposed phase III clinical dosing regimen (150 mg subcutaneously at weeks 0 and 4, and every 12 weeks thereafter) was 7.32 μg/mL, which is similar to the median risankizumab C avg value in the fourth exposure quartile in the phase II study. These results support that the regimen selected for phase III trials was adequate to maximize risankizumab efficacy in patients with psoriasis.
Phase II and III Studies
Non-linear regression analyses were conducted using maximum effect (E max ) models to describe the relationships between risankizumab plasma exposure (C avg ) and the probability of achieving PASI 75, PASI 90, PASI 100, and sPGA 0/1 responses at weeks 16 and 52 using combined data from phase II (Study 3) and phase III studies (UltIMMa-1, UltIMMa-2, IMMhance, and IMMvent) [14] . The estimated half maximal effective concentration (EC 50 ) values to achieve PASI 75, PASI 90, PASI 100, and sPGA 0/1 responses at week 16 (0.20, 0.44, 2.4, and 0.43 µg/mL, respectively) and week 52 (0.30, 0.96, 2.88, and 0.71 µg/mL, respectively) were significantly lower than the estimated C avg value over weeks 0-16 (median value: 7.32 µg/mL) and weeks 40-52 (median value: 5.42 µg/mL) for the risankizumab clinical regimen (150 mg subcutaneously at weeks 0 and 4, and every 12 weeks thereafter). At the median risankizumab C avg associated with the proposed clinical regimen, the estimated probabilities for PASI 75, PASI 90, PASI 100, and sPGA 0/1 responses were 92%, 77%, 49%, and 87%, respectively, at week 16, and 95%, 85%, 61%, and 88%, respectively, at week 52 based on the exposure-response models [14] . These probabilities were at the estimated plateau for each response. These results confirmed that the clinical regimen maximized the efficacy of risankizumab, as measured by the PASI and sPGA endpoints in patients with psoriasis.
In the covariate analyses, hs-CRP was a statistically significant covariate for risankizumab EC 50 , but had a negligible estimated effect on efficacy at the clinical regimen. Subjects with higher baseline hs-CRP levels were predicted to result in a slightly lower (≤ 6%) probability of achieving PASI or sPGA endpoints at week 16, which could be related to the higher inflammatory burden in subjects with higher values of baseline hs-CRP. Asian race was a statistically significant covariate for risankizumab EC 50 for PASI 100 response at week 16, but not for any other response level. No covariates were statistically significant at week 52 [14] .
Other covariates, including demographic variables (body weight, BMI, age, sex and race), baseline disease characteristics (baseline PASI score) and comorbidities (presence of psoriatic arthritis), immunogenicity (treatment-emergent ADA-or NAb-positive status), and prior therapies were not statistically significant covariates for the relationship between risankizumab exposure and efficacy in psoriasis [14] .
The model-estimated exposure-response relationships for PASI 90, PASI 100, and sPGA 0/1 responses at week 16 were at the plateau of response for exposures observed with subjects with bodyweight ≤ 100 kg and those with bodyweight > 100 kg or > 120 kg following administration of risankizumab 150 mg subcutaneously at weeks 0 and 4, and every 12 weeks thereafter [14] . This further supported the lack of differences in efficacy in subjects with higher bodyweight who experienced relatively lower risankizumab exposure levels. These results were consistent with observed efficacy data in phase III trials; the placebo-adjusted PASI 90 responses were 72.1% and 69.2%, while the sPGA0/1 responses were 77.5% and 80.0%, in patients with bodyweight ≤ 100 kg and > 100 kg, respectively [14] .
Overall, these analyses indicated that the 150 mg subcutaneous dose of risankizumab at weeks 0 and 4, and every 12 weeks thereafter, maximized the efficacy in patients with psoriasis across the entire expected bodyweight range in this population [14] .
The relationship between risankizumab exposures and key efficacy variables in Japanese patients with moderateto-severe plaque psoriasis following treatment with either 75 or 150 mg subcutaneous doses at weeks 0 and 4, and every 12 weeks thereafter, were also characterized [15] . The exposure-efficacy relationships in Japanese patients were consistent with the population enrolled in global phase III trials. A plateau of efficacy at week 16 was demonstrated with a risankizumab 150 mg subcutaneous dose providing PASI 90 and sPGA 0/1 response probabilities of 77%, and 88%, respectively. These exposure-response analyses indicated that a risankizumab 150 mg dose maximized efficacy, including PASI 100 response (probability of 31%) in Japanese patients with plaque psoriasis [15] . Risankizumab exposures for the 75 mg dose were suboptimal for PASI 100 response (probability of 21%) and other efficacy responses, particularly in heavier patients.
Exposure-Response Analyses for Safety
The exposure-response relationships for safety were performed using pooled data from subjects recruited across the four phase III studies (UltIMMa-1, UltIMMa-2, IMMhance, and IMMvent). The exposure-response relationships were evaluated for the safety events of interest (any adverse event [AE], serious AE [SAE], infection, and serious infection) through the first 16 weeks (weeks 0-16; placebo-controlled period), as well as through the first 52 weeks (weeks 0-52 for UltIMMa-1, UltIMMa-2 and IMMhance, and weeks 0-44 for IMMvent).
There was no apparent relationship between risankizumab exposure and any AE, SAE, infections, or any serious infections across the first 16 weeks or up to 52 weeks' duration using pooled data from all four phase III trials of risankizumab in subjects with plaque psoriasis [14] . Extension of the analyses later with the Japanese phase II/III studies in patients with plaque psoriasis, GPP, and EP provided consistent results [15] .
Immunogenicity
Immunogenicity of risankizumab was assessed across all phase I, II, and III studies. Plasma samples were analyzed for the presence of ADAs and NAbs to risankizumab using validated assays. Briefly, immunogenicity of risankizumab was first assessed using a three-tiered approach, including screening, confirmation, and titration. The confirmed positive samples were then evaluated in the NAb assay to detect the presence of NAb. The incidence of ADAs (treatmentemergent) to risankizumab was defined when a subject was (1) ADA-negative or missing assessment at baseline (prior to the first risankizumab dose) and became ADA-positive at one or more time points post baseline; or (2) ADA-positive at baseline and showed a fourfold (based on two dilution steps at the titer determination stage) or greater increase in titer values relative to baseline, or a titer value of ≥ 2 in at least one post-dose sample if the baseline titer value was < 1 (in this case, a fourfold increment over the midpoint of 0.5 was used).
It is noteworthy that the detection of ADA formation is highly dependent on the sensitivity and specificity of the assay. Additionally, the observed incidence of ADA (including NAb) positivity in an assay may be influenced by several factors, including assay methodology, sample handling, timing of sample collection, concomitant medications, and underlying disease. For these reasons, comparison of the ADA incidence to risankizumab in the clinical studies listed above, with the incidence of antibodies for other products, can be misleading [26] .
For subjects who received the clinical regimen of risankizumab in psoriasis (150 mg at weeks 0 and 4, and every 12 weeks thereafter) in phase III trials, the ADA and NAb incidence (treatment-emergent) to risankizumab was 24% and 14%, respectively, over 52 weeks' duration (based on 1079 evaluable subjects). The median time to appearance of ADA was 16 weeks across studies. The median ADA titer values were low and ranged from 1 to 4.5 across visits and studies; a very limited number of subjects (approximately 1% of ADA-evaluable subjects over a 52-week period of risankizumab treatment in phase III trials) had ADA titer values ≥ 128.
Across all global phase III studies of risankizumab in subjects with moderate-to-severe psoriasis, the ADA and NAb incidence to risankizumab were comparable among subjects who received risankizumab from week 0, or those who underwent placebo withdrawal after an initial treatment with risankizumab (with or without retreatment with risankizumab). Additionally, the ADA or NAb incidence to risankizumab was comparable across Japanese and non-Japanese subjects with psoriasis (plaque psoriasis, GPP, or EP) or psoriatic arthritis (Table 6) .
Across phase II and III studies, immunogenicity to risankizumab did not have a clinically relevant impact on the risankizumab plasma exposures, efficacy (as assessed by sPGA 0/1 and PASI 90 response at weeks 16 and 52), or safety (as assessed for hypersensitivity and injection-site reactions) of risankizumab [12] [13] [14] [15] . The analyses of the clinical impact of immunogenicity based on global data are further summarized below.
Assessment of the Effect of Immunogenicity on Risankizumab Plasma Exposures
Based on intersubject comparison using pooled data across all four phase III studies, risankizumab C trough (central tendency and distribution) were comparable between subjects who were ADA-positive and those who were ADA-negative over time (Fig. 2) . From the intrasubject comparison across all phase III studies; the median value of the ratio of risankizumab steady-state C trough after versus before the appearance of ADA was 0.98 for subjects who received risankizumab from week 0, and 1.18 for subjects who switched from placebo to risankizumab at week 16.
From the population pharmacokinetic analyses [12] , ADAs to risankizumab did not have an effect on risankizumab CL or exposure in the majority of ADA-positive subjects, with the exception of a few subjects (approximately 1% of ADA-evaluable subjects over a 52-week period of risankizumab treatment in phase III studies) who developed an ADA titer ≥ 128 titer units, in which risankizumab CL was estimated to increase by 43% and steady-state AUC τ was estimated to decrease by 30%, on average.
Overall, these results indicate that the development of ADAs to risankizumab does not result in a clinically relevant impact on risankizumab exposure.
Assessment of the Effect of Immunogenicity on Risankizumab Efficacy
The PASI 90 and sPGA 0/1 responses were compared between ADA-positive and ADA-negative subjects, as well as NAb-positive and NAb-negative subjects, using pooled data across phase III studies (Table 7 ; with week 16 comparisons using a placebo-controlled population and an ustekinumab-controlled population, and week 52 comparisons using an ustekinumab-controlled population). PASI 90 and sPGA 0/1 responses at weeks 16 and 52 were comparable between subjects who were ADA-or NAb-positive and those who were ADA-or NAb-negative. Additionally, in exposure-response analyses, the ADA and NAb status (positive or negative) was not found to be a significant covariate for the efficacy endpoints PASI 75, PASI 90, PASI 100, or sPGA0/1 at week 16 or 52 [14, 15] . While the percentages of responders appeared to be numerically lower in subjects with high ADA titers (> 128) than the rest of the evaluated population (with the limitation of the extremely low sample size of patients with high ADA titer that precludes meaningful assessment of a percentage of responders), some subjects with high ADA titers still showed and maintained PASI 75, PASI 90, or sPGA 0/1 responses (Table 7) .
Effect of Immunogenicity on Risankizumab Safety
The incidence of hypersensitivity reaction and injection site reaction across up to 52 weeks of risankizumab exposure were comparable among ADA-positive and ADA-negative subjects ( Table 8 ). These results indicate that immunogenicity to risankizumab has no clinically relevant impact on the safety of risankizumab assessed by hypersensitivity reaction and injection-site reaction.
Conclusions
The clinical pharmacology of risankizumab has been wellcharacterized using data from phase I, II, and III studies in healthy subjects and psoriasis patients following single-and multiple-dose administrations. These data provided quantitative understanding of the in vivo disposition of risankizumab, the exposure-response relationship between risankizumab and downstream efficacy and safety, the intrinsic and extrinsic factors that had no major clinically meaningful impact regardless of their statistical significance, the lack of DDI potential of risankizumab and concomitant medications, and the lack of clinical impact by ADAs that developed in subjects who received risankizumab. Together, these clinical pharmacology data support the risankizumab dosing regimen of 150 mg subcutaneously at weeks 0 and 4, and every 12 weeks thereafter, for the treatment of moderate-tosevere plaque psoriasis. Table 6 Comparison of incidence of antidrug antibodies (antirisankizumab antibodies) and neutralizing antibodies to risankizumab over up to 52 weeks' duration in Japanese and non-Japanese sub-jects with moderate-to-severe plaque psoriasis, GPP, EP, or psoriatic arthritis in global phase III or Japanese phase II/III studies Evaluable subjects: subjects with at least one reportable assessment at any time in the study post-baseline NAb were assessed only when the ADA assessment was confirmed positive subjects who received risankizumab from week 0, i.e. 150 mg SC at weeks 0 and 4, and every 12 weeks thereafter, using pooled data across all four phase III studies. The placebo to risankizumab 150 mg SC group included subjects who received placebo at weeks 0 and 4, and then switched to risankizumab at week 16 
